We present a parallel polymer tandem solar cell that contains a transparent ferroelectric interconnecting layer based on polyvinylidene fluoride (PVDF) between two subcells. The interconnecting layer suppresses charge recombination, which leads to a large increase in shortcircuit current and, thereby, effective parallel connection of the two subcells. The tandem cells maintained open-circuit voltages in the region between those of the subcells. An additional increase in the short-circuit current of the tandem cells was attained by introducing another ferroelectric layer to suppress charge recombination at the interface between the front subcell and a poly(3,4-ethylenedioxythiophene):poly(styrenesulfonic acid) layer. As a result, a power conversion efficiency of 5.61% was obtained with the tandem structure PVDF/PCDTBT:PC 71 BM/ PVDF/PTB7:PC 71 BM (PCDTBT is poly[N-9 00 -hepta-decanyl-2,7-carbazole-alt-5,5-(4 0 ,7 Although solar cells based on inorganic materials such as polycrystalline silicon, copper-indium-gallium-selenium, and cadmium-telluride can reach a power conversion efficiency (PCE) of more than 15%, interest in polymer solar cells has expanded because they can be manufactured at low cost using abundant materials.
(Received 2 January 2014; accepted 7 February 2014; published online 25 February 2014) We present a parallel polymer tandem solar cell that contains a transparent ferroelectric interconnecting layer based on polyvinylidene fluoride (PVDF) between two subcells. The interconnecting layer suppresses charge recombination, which leads to a large increase in shortcircuit current and, thereby, effective parallel connection of the two subcells. The tandem cells maintained open-circuit voltages in the region between those of the subcells. An additional increase in the short-circuit current of the tandem cells was attained by introducing another ferroelectric layer to suppress charge recombination at the interface between the front subcell and a poly (3,4-ethylenedioxythiophene) :poly(styrenesulfonic acid) layer. As a result, a power conversion efficiency of 5.61% was obtained with the tandem structure PVDF/PCDTBT:PC 71 BM/ PVDF/PTB7:PC 71 BM (PCDTBT is poly[N-9 00 -hepta-decanyl-2,7-carbazole-alt-5,5-(4 0 ,7 0 -di-2-thienyl-2 0 ,1 0 ,3 0 -benzothiadiazole)], PC 71 BM is [6, 6] -phenyl-C71-butyric acid methyl ester, and PTB7 is thieno [3,4-b] -thiophene/benzodithiophene). The tandem cell was analyzed using a parallel two-diode circuit model. The results obtained from modeling showed excellent agreement with the experimental ones. Although solar cells based on inorganic materials such as polycrystalline silicon, copper-indium-gallium-selenium, and cadmium-telluride can reach a power conversion efficiency (PCE) of more than 15%, interest in polymer solar cells has expanded because they can be manufactured at low cost using abundant materials. [1] [2] [3] [4] [5] Because of intensive effort worldwide, the PCE of polymer-based solar cells has improved remarkably in recent years. [6] [7] [8] Despite this, further improvement of the PCE of plastic solar cells to compete with that of their inorganic counterparts is yet to be achieved. A variety of strategies including low-band-gap materials, 9 tandem and multi-junction structures, 6, [10] [11] [12] organicinorganic hybrid cell structures, 13 and the plasmon effect 14 have been studied to increase the PCE of polymer solar cells. Among these, a tandem cell structure containing two donor materials with complementary absorption spectra is considered as a strong candidate to achieve high PCE. 6, [10] [11] [12] 15 In a polymer tandem solar cell, the role of the interconnecting layer between the two subcells is crucial. Metal oxide (TiO x as an optical spacer), 15 a thin metal nanocluster layer, 16 poly(3,4-ethylenedioxythiophene):poly(styrenesulfonic acid) (PEDOT:PSS)/ZnO, 12 and organic small molecules 17 have been used as interconnecting layers, where electrons (holes in inverted structures) from the front subcell recombine with holes (electrons in inverted structures) from the back subcell. 18 Thus, the interconnecting layer provides serial connection of the two subcells, and the open-circuit voltage (V OC ) of tandem cells is the sum of V OC of each subcell. However, because only holes from the front subcell and electrons from the back subcell contribute to the net photocurrent, the short-circuit current density (J SC ) of tandem cells is limited to the smaller J SC of the two subcells. 19 It is, therefore, necessary to devise ways to increase the short-circuit current, as well as V OC , to further improve the PCE of tandem solar cells. In an attempt to increase the short-circuit current, three-terminal tandem cell structures containing LiF/Al/Au, 20 multiwalled carbon nanotubes (MWCNTs), 21 and Au 22 as a common electrode were studied. The common anode or cathode was placed between two subcells so that they could be connected in parallel, hence increasing the short-circuit current. Because the materials used for the common electrode readily absorb light in the visible range from 50% for Au (12 nm thick) to 15% for MWCNTs (100 nm thick), the absorption from the back subcell decreased, which resulted in a reduction of PCE.
In this Letter, we report a parallel polymer tandem solar cell that, instead of a common electrode, adopts a transparent ferroelectric interconnecting layer in which charge recombination is suppressed by local dipole field, leading to large increase in short-circuit current and PCE. Indium tin oxide (ITO) glass substrates with a sheet resistance of 15 X/ٗ were sequentially cleaned in deionized water with detergent, acetone, and isopropanol alcohol, and then treated with UV light. A PEDOT:PSS (Clevios P VP AI 4083, Germany) film was spin-coated at 3000 rpm for 40 s onto the UV-treated ITO, and then the film was annealed at 150 C for 20 min.
(PCDTBT) (Konarka, USA) and [6, 6] -phenyl-C71-butyric acid methyl ester (PC 71 BM) (Nano-C, USA) were blended with a weight ratio of 1:2 in 1,2-dichlorobenzene (ODCB) to form the mixture denoted A1. Thieno [3,4- with a weight ratio of 1:2 in ODCB to form the mixture denoted A2. Both A1 and A2 were used as active materials. A1 was spin-coated onto the PEDOT:PSS layer and interconnecting layer at 1000 rpm for 2 min and A2 at 1000 rpm for 1 min. For the interconnecting layer, a 0.2 wt. % solution of polyvinylidene fluoride (PVDF, Aldrich Chemicals) in dimethyl sulfoxide (DMSO) was spin-coated on either an A1 or A2 layer at 2000 rpm for 30 s, followed by annealing at 80 C for 10 min to remove the residual solvent. We chose DMSO as a solvent for PVDF because polar solvents such as DMSO and dimethyl formamide usually produce thin films with dominantly ferroelectric c crystals. 23 The thickness of the PVDF film ranged from 3 to 5 nm. A 0.5 nm-thick LiF layer and 150 nm-thick Al electrode were thermally evaporated on top of the active layer at a pressure of 10 À7 Torr. PVDF-trifluoroethylene copolymer added to the active layers of bulk heterojunctions can produce a strong local electric field of $240 V/lm, which is enough to dissociate singlet and charge-transfer excitons. Therefore, it is expected that charge recombination can be efficiently suppressed by the dipole field in the PVDF interconnecting layer. Ideally, J SC of a parallel tandem cell is equal to the sum of J SC of the two subcells provided that the absorption spectra of the active materials used in the subcells do not overlap. In practice, however, the overlap of absorption spectra of the two subcells means J SC of the parallel tandem cell is less than the sum of those of the two subcells. The fill factors (FFs) of the A1/PVDF/A2 and A2/PVDF/A1 tandem cells are 42% and 44%, respectively, which are smaller than those of both the A1 and A2 single cells (47% and 53%, respectively). The reduction in FF in the tandem cells is directly related to the reduced shunt resistance, but its cause is not clear. One possible explanation could be the increased bimolecular recombination in each subcell. According to the Langevin theory, 26 the electronhole recombination rate is
where e is the unit charge, e is the dielectric constant of the active layer, c Lan is the Langevin recombination coefficient, n e and n h denote the electron and hole concentration, and l e and l h the electron and hole mobility, respectively. Because the Langevin recombination rate is proportional to both electron and hole concentrations, increased electron concentration in the back subcell and increased hole concentration in the front subcell caused by the suppression of recombination in the interconnecting layer may cause bimolecular recombination in each subcell to increase. This could result in decreased photoelectric current and, consequently, reduction in shunt resistance. Despite the decrease in FF, the PCE of the tandem cells increased from 4.07% for the A1 single cell and 4.02% for the A2 single cell to 4.27% for the A1/PVDF/A2 tandem cell and 4.41% for the A2/PVDF/A1 tandem cell by including a ferroelectric interconnecting layer.
Further improvement of the PCE of the tandem cells was achieved by reducing the charge recombination at the interface between the front subcell and PEDOT:PSS layer. For this purpose, another PVDF layer was introduced at the interface between the front subcell and PEDOT:PSS, which caused FF of the tandem cells to increase from 44% (A1/PVDF/A2) to 48% (PVDF/A1/PVDF/A2) and from 42% (A2/PVDF/A1) to 43% (PVDF/A2/PVDF/A1). J SC of the tandem cells with a second PVDF layer also increased from 12.67 mA/cm The tandem cells were analyzed using a parallel twodiode circuit model. An equivalent circuit to the parallel tandem cell with a ferroelectric interconnecting layer is shown in Fig. 4 . Here, D1 and D2 represent ideal diodes for A1 and A2 subcells, respectively. R sh (1) and R sh (2) represent the shunt resistances of A1 and A2 subcells, and I ph (1) and I ph (2) represent the photocurrents of A1 and A2 subcells, respectively. R S is series resistance. b is defined as the ratio of the photocurrent of the back subcell in the tandem structure to that of a single cell the same as the back subcell, which accounts for the reduction in photocurrent of the back subcell caused by the overlap of its absorption spectrum with that of the front subcell. It is expected from the parallel circuit model that the shunt resistance of the tandem cell is similar to the parallel combination of R sh (1) and R sh (2) , and the reverse saturation current of the tandem cell is similar to the sum of the reverse saturation currents of the two subcells. In fact, the shunt resistances of the tandem devices in (c)-(f) of Fig. 1 ranged from 1.89 to 2.65 kX and the average value was 2.22 kX, which is close to the parallel combination of the shunt resistances of the A1 and A2 single cells, 2.39 kX ( Table I) . The reverse saturation current of the tandem cells was 9.55 Â 10 À9 A for the A1/PVDF/A2 cell and 1.10 Â 10 À8 A for the A2/PVDF/A1 cell, which are also close to the sum of the reverse saturation currents of the A1 single cell (4.95 Â 10 À9 A) and A2 single cell (5.31 Â 10 À9 A). b was determined by measuring the photocurrent of the A1 single cell with and without placing an A2 layer in front of the A1 cell and by measuring the photocurrent of the A2 single cell with and without placing an A1 layer in front of the A2 cell. b for the A1 and A2 back subcells were estimated to be 0.538 and 0.292, respectively.
The I-V relation for the parallel two-diode circuit model shown in Fig. 4 can be expressed as
where I 0 ð1Þ and I 0 ð2Þ are the reverse saturation currents of diodes D1 and D2, respectively, e is the unit charge, k is the Boltzmann constant, T is absolute temperature, N 1 and N 2 are diode ideality factors, and R sh is the parallel combination of the two shunt resistances R sh ð1Þ and R sh ð2Þ. N 1 kT/e and N 2 kT/e were determined by measuring the dark currents of the A1 and A2 single cells and were 0.0684 and 0.0645, respectively. Photocurrents I ph ð1Þ and I ph ð2Þ were obtained   FIG. 4 . Equivalent electric circuit to the parallel tandem solar cell with a ferroelectric interconnecting layer. 27 Under open-circuit conditions (I ¼ 0), both exponential terms in Eq. (2) are much greater than 1. Because the reverse saturation currents I 0 ð1Þ and I 0 ð2Þ are similar and so are the photocurrents of A1 and A2 single cells I ph ð1Þ and I ph ð2Þ, an approximation of I 0 ð1Þ ' I 0 ð2Þ ¼ I 0 and I ph ð1Þ ' I ph ð2Þ ¼ I ph could be used to obtain V OC
where I sh;OC is the current through the shunt resistance and a is the ratio of the second exponential term to the first, both under open-circuit conditions. I sh;OC and a were about 0.3 mA and 2, respectively. Using Eq. (Table I ). Equation (3) indicates that larger V OC can be obtained by increasing b. Considering that the present results are not fully optimized, further enhancement of the performance of tandem cells is feasible. Recently, Brabec et al. 28 suggested, based on optical simulations of serial tandem solar cells, that a PCE of >14% was achievable if hypothetical, optimized acceptors, whose lowest unoccupied molecular orbital levels were adjusted to those of donors to keep a 0.3 eV difference, were found to match commercially available high-performance donor polymers. The combination of such ideal acceptors with proper band-gap adjustment of subcells may enable us to obtain a PCE of >14% using our parallel tandem structure containing up to three stacked junctions. In summary, we demonstrated a parallel polymer tandem solar cell using a transparent ferroelectric interconnecting layer between two subcells. The PVDF interconnecting layer suppressed charge recombination so that more electrons and holes reached the electrodes, which led to large increases in the short-circuit currents of the tandem cells of about 28% to 36% compared with those of single cells while maintaining the open-circuit voltages in the region between those of the two single cells. Additional increases in the short-circuit currents of the tandem cells by 9.9% to 21% were attained by introducing another PVDF layer to suppress the charge recombination at the interface between the front subcell and PEDOT:PSS layer. As a result, a PCE of 5.61% was achieved for the PVDF/A1/PVDF/A2 tandem structure. The tandem cell was analyzed using a parallel two-diode circuit model, the results of which were consistent with experimental ones. 
